Introduction
[2] One of the key discoveries by Mars Global Surveyor's (MGS) Mars Orbiter Camera (MOC) was the captivating images of massive to thinly bedded friable layered deposits [Malin and Edgett, 2000] (hereafter called FLDs). These materials are generally found in equatorial areas both east and west of the Tharsis region, which is a massive volcanic complex extending over 3 Â 10 7 km 2 , elevated $10 km above its surroundings, and dominating the western hemisphere of Mars . Estimates from MOC and Mars Orbiter Laser Altimeter (MOLA) data indicate that the FLDs discussed here encompass an exposed area of $2.9 Â 10 6 km 2 and have a total volume of $2.3 Â 10 6 km 3 . Relief of individual exposures varies from hundreds of meters to kilometers. MOC Narrow Angle (MOC NA) images of these deposits indicate a finegrained composition that is weakly indurated and susceptible to aeolian erosion. In all regions, FLDs exhibit layered exposures that have been sculpted by aeolian processes. Thin layers cropping out from sections of previously identified ''massive'' deposits suggest that fine scale layering may be present throughout all of these units. Analyses of data from the Viking Infrared Thermal Mapper (IRTM) and MGS's Thermal Emission Spectrometer (TES) also show that the surfaces of these materials are of fine grain (<1 mm) composition [Kieffer et al., 1977; Schultz and Lutz, 1988; Jakosky and Mellon, 2001] . In some cases, these values are probably a direct measurement of the FLDs while elsewhere they may represent a dust mantle.
[3] Most previous studies have only examined portions of the FLDs considered in this work and have not attempted to link all of the materials on a global scale or their mode of origin. In this paper we use MGS data to demonstrate commonality between deposits separated by thousands of kilometers and compare their geomorphic characteristics to terrestrial ash deposits. MOLA data indicate a general trend of thickening deposits toward the Tharsis rise leading us to the interpretation that many of these materials may be comprised of volcanic ash from past explosive eruptions in that area. We develop a model to test the feasibility of ash transport under current and past climatic conditions and conclude that near-equatorial volcanoes could distribute fine-grained ash thousands of kilometers. Certainly, other sources of sediment are possible for the FLDs including aeolian deposition, impact ejecta, and fluvio/lacustrine sediments and these sources may vary in importance in differing geologic settings. The thesis of this paper is to note the importance that explosive volcanism may have played in the creation of the FLDs.
Friable Layered Deposits on Mars

Characterization and Extent
[4] Here we will show similarities in morphology, stratigraphy, material properties, and erosional character amongst the FLDs considered in this study ( Figure 1 ). These units have generally been analyzed on a local or regional scale and no work has ever considered these deposits as a whole. Three studies did examine major portions, yet different subsets, of the FLDs discussed herein and the striking morphologic resemblances led the workers to hypothesize that the deposits were composed of similar material and probably formed from the same processes [Schultz and Lutz, 1988; Malin and Edgett, 2000; Tanaka, 2000] . The materials examined here occur in five geographic regions within 20°of the equator: (1) extensive units along the equator west from Tharsis (generally corresponding with the Medusae Fossae Formation (MFF)), (2) within the Valles Marineris and associated canyon systems, (3) chaotic and subdued terrain to the east of Valles Marineris, (4) Terra Meridiani, and (5) Arabia Terra, located east and north of Terra Meridiani. Some exposures of FLDs do occur at higher latitudes (for example in intermountain plains of northeastern Hellas and a few craters such as Terby and Spallanzani). However, the vast majority of exposed FLDs occur near the equator and these materials are the focus of this study.
[5] By far the largest areal exposures of FLDs occur west of Tharsis and encompass most MFF units and some additional areas. These deposits cover an area of 2.3 Â 10 6 km 2 and have a volume of 1.9 Â 10 6 km 3 , which is $80% of the total volume of all equatorial FLDs (Table 1) . The volume of the FLDs west of Tharsis was calculated using 128 pix/deg MOLA gridded data and a program developed in Interactive Data Language (IDL). The units were interactively defined using MOLA and MOC data as well as previous work on the MFF Tanaka, 1982, 1986; Schultz and Lutz, 1988; Zimbelman and Hynek, 1998 ]. For each defined unit, the base level of the surroundings was derived from topographic data and general underlying slopes were taken into account. The height of each pixel element was then calculated by subtracting its elevation from the base level. Multiplying height by the area of the pixel gave a volume estimate and these were summed over each unit to give a total volume. This procedure was repeated for the other FLDs discussed below. Our volume estimate is larger than, but on the same order, as recent calculations for the MFF [Tanaka, 2000; Bradley et al., 2002] , which is to be expected because of the broader geographic extent in our study. Volume determinations for geologic units on Mars are only a first-order approximation because errors exist in the subjective definition of units and assumptions regarding the topography of the underlying terrain.
[6] Viking images of MFF revealed massive, geologically related mounds without much evidence of layering Tanaka, 1982, 1986] . Recent analyses of MOC NA images showed the western MFF as thinly bedded and similar to other equatorial layered deposits Edgett, 2000, 2001] . The workers, however, described the eastern MFF (proximal to Tharsis) as not layered or as poorly bedded and therefore concluded that these materials are compositionally distinct from Martian layered deposits. This may be an incomplete picture because the eastern MFF is likely mantled by up to tens of meters of unconsolidated small particles (termed ''stealth'' because of its negligible radar return) [Muhleman et al., 1991; Edgett, 1997] . This mantle could easily obscure meter-scale layering seen in MOC NA images of other FLDs. In fact, some MOC NA frames of eastern MFF do show previously unrecognized thinly bedded units analogous to the western MFF and other FLDs >4000 km away in Valles Marineris, and in craters halfway around the globe in Arabia Terra (Figure 1h compared to Figures 1g and 1i -1k ) MFF the layers are seen disappearing underneath a mantle, which may be the case for many thinly layered deposits in this region. Collectively, layered deposits are only seen in a few MOC NA images in eastern MFF, while numerous frames exist in central MFF (near 180°E), and many examples of layering are evident in western MFF (Aeolis region). A thinning ''stealth'' mantle from east to west across the MFF would explain the discrepancies seen in terrains that were originally mapped as a single unit at Viking scale but were subsequently considered different at MOC NA scale. It is likely that the eastern and western MFF are compositionally and morphologically similar and should be considered a single formation as originally mapped by Scott and Tanaka [1982] .
[7] Determining the material properties (grain size and mineralogy) of MFF is difficult because of mantling units in the east and nearly ubiquitous coverage of MFF by dust, as evident from the low thermal inertia values (<160 J m
) derived from TES [Jakosky et al., 2000] . However, several observations indicate a fine-grained, poorly indurated substrate. MFF is easily erodable by wind, and aeolian processes have resulted in the exhumation of landforms and formation of abundant yardangs and flutes on some of the units (Figures 1d, 2a , and 2b) [Malin, 1979; Scott and Tanaka, 1982; Schultz and Lutz, 1988; Zimbelman et al., 1996; Bradley et al., 2002] . Formation of yardangs is a result of aeolian processes acting upon lithologically weak deposits composed of clay (<4 mm), silt (<63 mm), or sand (<2 mm) [Ward, 1979] . This observation is consistent with a lack of boulders along erosional contacts in MOC NA images. Additional evidence of the friable nature of these materials is seen in MOC NA images displaying chutes or dark scree slopes (Figure 1l ). The original extent of these materials is unknown but there are many outliers visible in MOLA and MOC data in the form of isolated eroded remnants and pedestal craters (Figures 1a and 1b) , which likely represent MFF material that has been protected from erosion by ejecta material [Schultz and Lutz, 1988] . The abundant outliers and consistent morphology and erosional characteristics between individual units of MFF lead us to hypothesize that all of the units of MFF and surrounding outliers may have been once part of a laterally continuous stratigraphic sequence.
[8] Diverse hypotheses for the origin of MFF have been proposed. The primary features and intrinsic properties of MFF have led numerous workers to conclude that these materials are likely ignimbrites from local plinian-style eruptions [Malin, 1979; Tanaka, 1982, 1986] . They noted the presence of extensive, relatively flat, uniform sheets that lack bedding or sorting at Viking resolution, consistent with properties of terrestrial ignimbrites. Few, if any, nearby source vents have been identified, which has always been problematic for this hypothesis. Moreover, as discussed above, MOC NA images have revealed thin layering in many of these units, inconsistent with the ignimbrite hypothesis. Additional interpretations include deposition by aeolian processes [Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka, 2000] although the sheer volume of material involved makes this hypothesis unlikely. Moreover, recent global circulation models indicate strong Figure 1 . MOLA shaded relief map of equatorial region of Mars with major terrain types indexed on map shown below. Friable layered deposits (FLDs) mapped by Schultz and Lutz [1988] are overlain in red and additional materials included in this study are highlighted in orange. The deposits occur preferentially in the hemisphere containing the Tharsis rise and are morphologically similar, suggesting a possible genetic link. Abundant outliers in the form of pedestal craters (Figures 1a -1c ) and yardang fields (Figures 1d-1f ) are evident in Viking images, indicating the removal of vast amounts of material by aeolian erosion. MOC NA images reveal the thinly layered nature of the units (Figures 1g-1k ) and dark scree slopes that imply a fine -grained composition (Figures 1l -1o surface winds around Tharsis, particularly on the western side [Haberle et al., 2003] . Their models suggest surface winds around Tharsis do not vary much with orbital patterns and that under most conceivable past conditions the western side of the Tharsis rise operated in an erosional, not depositional, regime. This would make it difficult to build up thick deposits (like MFF) solely by the slow settling of dust from the atmosphere.
[9] East of the Tharsis volcanoes additional exposures of morphologically similar materials occur (minimum total areal extent of 6.7 Â 10 5 km 2 and total estimated volume of 4 Â 10 5 km 3 ) within Valles Marineris, chaotic and subdued terrains associated with outflow channels, in the hematiterich region of Terra Meridiani, and in Arabia Terra (Figures 1  and 2 ). The most voluminous FLDs east of Tharsis (comprising $10% of the total volume of all equatorial FLDs) occur as interior mounds throughout the Valles Marineris canyon system with the thickest exposures in Melas, Ophir, Candor, and Hebes Chasmata (Table 1 ). These deposits have been known since the Viking missions and many possible origins have been proposed including lakebeds [Nedell et al., 1987] , aeolian deposition [Peterson, 1981] , and volcanic deposits formed from subice eruptions Tanaka, 2001, 2002] . Recent work has shown exposures of [Scott and Tanaka, 1986; Greeley and Guest, 1987] signifying a Hesperian or younger age for FLDs. Exhumation is evident along the edges of the FLDs (arrows mark contacts) and has revealed a virtually unmodified terrain underneath including intact crater rims, attesting to the differing lithologies of the two terrains. Impact basins from underlying cratered terrain are seen mantled or nearly completely obscured by the FLDs, particularly in Figures 2c and 2d. The friable nature of the layered deposits is evident in the abundance of yardang fields and the previously greater coverage of FLDs is seen in the propensity of pedestal craters (both denoted by squares). Figure 2e is an oblique high-resolution Viking mosaic of north-central Valles Marineris draped over topography [Bertolini and McEwen, 1990] and shows the relationship of FLDs with the wall rock (labeled WR). The mesa embays the eroded wall rock (circled regions) indicating an age younger than the canyon itself, which is thought to have formed in the Early Hesperian [Tanaka, 1986] . The differing erosional styles on the flanks of FLDs denoted by squares (slopes and yardangs) and the wall rock (spur and gully) indicate a differing composition and also argue against the FLDs being ancient exposures of Martian crust present before the Valles Marineris formed as hypothesized by Malin and Edgett [2000] . Central latitude and longitude are given in the lower right corner of each image. Scale bars are all 100 km and Figure 2e is approximately 200 km wide.
FLDs outside the canyon and atop the surrounding plateau materials [Lucchitta, 2003; Edgett and Malin, 2003] [Malin and Edgett, 2001] reveal the poorly indurated nature of the deposits (Figure 1m ). Finally, beyond the large exposures, many outliers are seen in MOC NA images suggesting that the deposits once covered a greater areal extent and may have covered the entire floor of the canyon system.
[10] Directly east of Valles Marineris, equatorial geology is characterized by chaotic terrains exhibiting large blocks of friable layered materials that were exposed as a result of outflow channel formation [Carr, 1979 [Carr, , 1996 Baker et al., 1992] . Subdued craters in this region suggest that the layered material comprising the chaotic terrain is found in adjacent regions and mantles cratered uplands. Malin and Edgett [2000] noted the similarities of the chaotic terrains to the Valles Marineris deposits and concluded that the materials are very similar in geomorphic expression and have a similar origin. Chaotic terrains exhibit the same textures, layering, and material properties inferred from aeolian sculpting and scree slopes as the other FLDs considered in this study (Figure 1 ). Tanaka [2001, 2002] mapped the geology of this region and agreed that the deposits within Valles Marineris continuing east through the chaotic and subdued units, and also encompassing Terra Meridiani (see description below), are morphologically similar and they interpreted these units as pyroclastic deposits. The workers envisaged the opening of Valles Marineris in the Hesperian to be accompanied by extensive explosive volcanism, covering vast areas with ignimbrite deposits that mantled the cratered uplands, and formed some of the units that would later become the layered chaotic and subdued terrains. They argued that many large massifs within Valles Marineris might be products of subice eruptions (tuyas). The interpretation of interior deposits as tuyas remains viable although, as the workers admit, certainly nonunique.
[11] Continuing east, Terra Meridiani and Arabia Terra mark the last large concentrations of FLDs ( Figure 1 and Table 1 ). Deposits in Terra Meridiani occur as FLDs of varying albedo that are superposed on underlying topography (Figure 2c ). This region also includes massive to finely layered and bench-to cliff-forming deposits that appear to mantle underlying terrain (Figure 1j ) [Hynek et al., 2002] . All locales have undergone extensive, primarily aeolian, erosion that has exposed the strata and eroded the layers into mesas, ridges and troughs, and pits. Large (>3500 km 2 ) yardang fields in northern portions suggest a fine-grained composition similar to MFF (Figure 1f ). Yardangs of varying orientations are observed, indicative of multiple periods of emplacement, aeolian erosion, burial, and subsequent exhumation [Greeley et al., 1993] . In addition to morphologic arguments for burial, Lane et al. [2002] showed spectral evidence for burial metamorphism of hematite-bearing deposits in the region. It is likely that the layered materials once had a much greater geographic extent and remnants of this are seen in interior deposits within neighboring craters and outliers of the mapped materials [Hynek et al., 2002] .
[12] The origin of the Terra Meridiani deposits remains controversial. Christensen et al. [2000] argued for a possible lacustrine origin although no obvious basin exists in the MOLA data and the deposits were emplaced on a preexisting slope [Hynek et al., 2002] . These workers noted the resemblance of the deposits to terrestrial pyroclastics in the fact that they are: 1) thin, parallel bedded deposits that conform to preexisting topography, 2) often extremely friable, and 3) are composed of fine particles. Although very similar in the above aspects, there are obvious discrepancies seen in MOC NA images [Malin and Edgett, 2001] and remotely sensed properties [Arvidson et al., 2003 ] between some Terra Meridiani materials and the rest of the FLDs. These differences occur in the units directly associated with Martian hematite, discovered by TES [Christensen et al., , 2001 . Hynek et al. [2002] examined potential formation mechanisms and concluded that circulation of Fe-rich fluids in preexisting strata is most likely responsible for formation of the hematite and alteration of proximal layered deposits. The inferred secondary alteration of the deposits could explain why the materials have some very similar characteristics to most FLDs yet show dissimilarities in MOC images and remote sensing properties. Minor occurrences of hematite also occur in FLDs in the Valles Marineris and chaotic terrain [Christensen et al., 2001] , strengthening the connectivity of these materials.
[13] Many craters in the area east and north of Terra Meridiani (Arabia Terra) contain exposures of FLDs. MOC NA images show typical morphologies of FLDs discussed above, including finely layered and massive deposits eroded into bench-to cliff-forming facies ( Figure 1k ). Some of the outcrops appear only as a mound of material near the center of the crater while others partially or almost completely bury the crater wall ( Figure 2d ). Malin and Edgett [2000] described these materials in detail and concluded that the outcrops are either very similar to or the same types of materials found in Valles Marineris and the chaotic terrains. Moreover, many pedestal craters occur in this region and are thought to represent outliers of the FLDs (Figure 2d ). The spatial density of geologically similar exposures lead us believe that much of Arabia Terra was at one time buried by FLDs and has since been partially exhumed, leaving the many isolated remnants evident today, consistent with results from Tanaka [2000] . It is also likely that these deposits were once laterally contiguous with the Terra Meridiani materials.
Age Relationships
[14] The similarity of global equatorial layered deposits is suggestive of a common origin. We investigated age relationships of FLDs using MOC WA and NA, MOLA data (1/128 of a degree gridded product), and previous work to test for compatibility and place potential constraints on age of emplacement ( Figure 2 and Table 2 ). We considered the major units individually in their local geologic context and summarize results below. We have adopted the recent absolute age chronology of epochs from Hartmann and Neukum [2001] , who define the Noachian as >3.7 Ga, Hesperian from 3.7-$3 Ga, and Amazonian as <$3 Ga. The units of MFF have been mapped as Amazonian [Scott and Tanaka, 1986; Greeley and Guest, 1987] on the basis of crater counts of the deposits. This is potentially an unrealistically young age because of obvious evidence for burial, exhumation, and resurfacing of these units. In this case, crater counts date the age of surface modification and not the age of emplacement. Impact craters between layers of the deposits and partially exhumed yardang fields of varying orientation [Wells and Zimbelman, 1997; Bradley et al., 2002] indicate multiple sequences of emplacement, aeolian erosion, burial, and contemporary exhumation. Preservation of relatively incompetent landforms such as yardangs are evidence that emplacement of these materials was nondestructive. Conversely, mapping relationships with adjacent competent units such as cratered uplands and lava flows place some constraints on the age of the materials. Units of MFF bury the dichotomy boundary in all places the two features are in contact [Scott and Tanaka, 1986; Greeley and Guest, 1987; Zimbelman et al., 1996; Zimbelman and Hynek, 1998 ]. Additionally, MFF is superposed on all contacts with cratered uplands (Figures 2a and 2b) . The competent nature of the uplands indicate that crater counts may be valid on these units and Scott and Tanaka [1986] gave a possible age of Late Noachian for many of these materials. Thus MFF postdate the formation of the dichotomy boundary and cratered uplands, giving a probable age of Hesperian or younger. A younger age bound on the easternmost MFF is derived from its relation with young lava flows from the Tharsis volcanoes. noted the interfingering of MFF material and lava flow units. The competent lavas may retain a realistic crater age for time of emplacement, dated as Middle Amazonian [Scott and Tanaka, 1986] . The western MFF is, in places, draped over Amazonian plains units as well. It is therefore plausible that emplacement of MFF may have occurred mostly, or even entirely, in the Amazonian epoch and potentially continued until relatively recent times.
[15] The Valles Marineris canyon system is thought to have opened sometime in the Early Hesperian, as evident by relative crater density ages of the plains it cuts [Tanaka, 1986; Scott and Tanaka, 1986] . Most research indicates that the mounds of materials within Valles Marineris were deposited into the preexisting chasmata [Scott and Tanaka, 1986; Witbeck et al., 1991; Lucchitta, 1990 Lucchitta, , 1999 Tanaka, 2001, 2002] . Malin and Edgett [2000] proposed a radically different age and origin of these materials. The workers argued that the deposits were outcrops of the wall rock and thus extremely ancient crustal material. They noted exposures of interior deposits that occurred on the walls of Valles Marineris in some MOC NA images. This hypothesis remains unlikely when considering additional data. Viking and MOC WA images illustrate the differing character of the interior deposits and the wall rock ( Figure 2e ). The wall rock has eroded into spur and gully morphology and has many large-scale landslide scars. Conversely, the interior deposits have no large associated landslide deposits and nowhere exhibit spurs and gullies. Rather, the interior deposits show flutes and yardangs and are abound with talus slopes with adjacent dune fields. Figure 2e also shows interior FLDs embaying eroded wall rock (circled regions). This observation is best explained with a scenario of first opening and eroding the canyon into spur and gully morphology and then burying portions with a subaerial source to form the FLDs. Moreover, the finely layered nature of the interior materials is not seen in wall rock exposures. The spurs of the wall rock and landslide scars are the best examples of preserved outcrops in the wall. Yet neither of these places shows fine-scale layering and repeating albedo patterns similar to the MOC NA images of the interior deposits.
[16] Slopes of the flanks of wall rock and interior deposits also give insight into material properties. We analyzed slopes in Candor and Ophir Chasmata, two canyons that [Lucchitta, 1999] Early Hesperian; opening of canyon system [Tanaka, 1986] contain the thickest and most voluminous interior deposits, using 128 pixel/degree MOLA data to test for variance between the wall rock and interior deposits (Figure 3 ). We used IDL to produce a slope map from MOLA data and subsequently mask all slopes <10°. Slopes greater than this value were classified as either wall rock or interior deposits and our classification is consistent with Witbeck et al.
[1991] and Lucchitta [1999] . Slope values near the boundary of wall rock and interior deposits were not considered nor were slopes on obvious landslide materials. Statistical analyses were preformed on the two unambiguous data sets and key results are shown in Table 3 . Mean slopes of the wall rock were greater than the interior deposits (21.8°v ersus 16.1°) and the wall rock had a greater standard deviation and maximum value. A T-test was conducted to show that the difference of mean values is statistically significant at the >99% confidence level and we can therefore reject the null hypothesis [Ott, 1984] . In fact, almost all the largest values (>30°) occur exclusively on the wall rock (Figure 3) . These results compliment analyses by Schultz [2002] who used generalized slopes derived from MOLA tracks to argue that slopes of the interior deposits are consistent with sandstone or siltstone with wall rock modeled as weather igneous rock. MOLA tracks in conjunction with corresponding MOC NA images has also been utilized to investigate slopes of individual layers near the contact of wall rock and finely layered deposits . The workers noted interior deposits conforming to the slope of the wall rock near the contact while directly downslope the units were horizontal and used this observation to argue that the interior deposits were emplaced upon preexisting wall rock, consistent with MGS analyses of Lucchitta [2001] .
[17] We conclude that the Valles Marineris wall rock material, and thus the ancient Martian crust, is lithologically distinct from the friable interior deposits and that the traditional idea of canyon formation with later deposition to form the interior deposits remains the most probable hypothesis. Interpretations of wall rock outcrops by Malin and Edgett [2000] are likely interior deposits ''pasted'' onto the walls of the canyon and not true exposures of the wall material. This hypothesis is substantiated by the observation Figure 3 . Oblique view of Candor and Ophir Chasmata in north-central Valles Marineris generated with 128 pixel/degree gridded MOLA data. View is looking northwest and the width of the image (north to south) is $400 km. Many FLDs are evident as large mounds within both canyons. Slopes >30°were calculated with the same data set and then plotted on the image (yellow). The flanks of FLDs generally have slopes less than 30°while the wall rock consists of slopes greater than this value. This contrast is probably due to weak, fine-grained material making up the interior deposits and more competent rock comprising the canyon walls.
of FLDs on the plateau above the canyon system [Edgett and Malin, 2003] . If the traditional scenario is correct, the friable interior deposits must have formed after the opening of the canyon system in the Early Hesperian. A lower age bound on these materials is the Late Amazonian as derived from crater counts [Lucchitta, 1999] , although resurfacing may result in an unrealistically young age.
[18] In the region of chaotic terrain east of Valles Marineris, large blocks of friable layered materials are exposed as a result of outflow channel formation (Figure 1n ). The formation of chaotic terrain and outflow channels has been studied [e.g., Baker et al., 1992] and it is believed that the two processes operated at the same time. Although there is evidence for some deposition within outflow channels since their formation, these terrains have not been greatly altered and reported crater densities may offer a reliable age. Rotto and Tanaka [1995] mapped the outflow channels and chaotic terrain in this region and concluded that they formed within the Hesperian. Therefore the FLDs that comprise the chaotic terrain must have been emplaced by the Late Hesperian. An upper age limit on this terrain is the age of the underlying and adjacent ''subdued cratered terrain'', which is thought to have formed in the Late Noachian [Scott and Tanaka, 1986] .
[19] Similarly, it is difficult to constrain the age of formation of the FLDs in Terra Meridiani and Arabia Terra. Evidence of exhumation in MOLA (Figure 2c ) [Hynek et al., 2002] , MOC [Malin and Edgett, 2001] , and TES [Lane et al., 2002] data imply crater densities consistent with the age of surface modification and not the true age of the deposits (see discussion by Hynek et al. [2002] ). Most work has shown that these deposits are mantling materials superposed on the cratered highlands [Scott and Tanaka, 1986; Presley and Arvidson, 1988; Schultz and Lutz, 1988; Edgett and Parker, 1997; Christensen et al., 2000 Christensen et al., , 2001 Hynek and Phillips, 2001; Hynek et al., 2002] . Alternatively, Malin and Edgett [2001] suggested that these materials are not sedimentary mantling units but are bedrock outcrops of the ancient Martian crust. Hynek et al. [2002] used MGS data to complete a detailed geologic map of these materials and concluded that the layered deposits of Terra Meridiani are superposed on the sloping cratered terrain and therefore younger in age. They show valley networks on the cratered material ending abruptly at the contact with the younger layered deposits, which also bury impact basins that are presumably part of the underlying cratered terrain (Figure 2c) . Moreover, Hynek et al. [2002] note differences in morphology, competency, and erosional character of the cratered terrain and layered deposits. They conclude that these are two distinct sets of strata, separated by an unconformity, and thus emplaced at different time periods and under different conditions. The cratered uplands in this region have been dated as Late Noachian [Hynek and Phillips, 2001; Hynek et al., 2002] ; thus the superposed layered materials must be Hesperian or younger in age. A minimum, and potentially unrealistic, age on these units is Late Amazonian as implied by the paucity of impact craters on some of these units at MOC NA scale.
[20] Deposits in Arabia Terra also appear younger than the cratered uplands, which are dated as Middle to Late Noachian [Greeley and Guest, 1987] . Some exposures consist solely as mounds of material in the middle of large craters (e.g., Henry Crater) while others extend over the degraded rim material of the impact basin (Figure 2d ). In fact, some craters are almost entirely buried and the only topographic expression is a mantled rim structure. Collectively, these characteristics suggest that the FLDs within individual craters were at one time laterally continuous and a thick mantle covered much of Arabia. No valley networks occur on the FLDs though the surrounding cratered terrain has dense networks in numerous places [Hynek and Phillips, 2003] . FLDs are superposed on valley networks in the few places where the two features are in contact (e.g., western side of unnamed 79-km-diameter crater centered at À1.1°N, 22.1°E), thus the emplacement of FLDs occurred after formation of valley networks. Finally, the Arabia Terra FLDs are not generally observed to outcrop from the crater walls or other scarps of the cratered uplands and instead they mantle these terrains. One exception is the layered deposits exposed near the mouth of Mawrth Vallis where channels have cut into the surrounding terrain. Large impact craters in this region exhibit subdued rims and lack ejecta features and the terrain appears muted. We interpret this area to consist of thick sections of FLDs (up to several kilometers) cut by an outflow channel, similar to chaotic terrain to the southwest. As in other areas, MOLA and MOC observations of the relationship between cratered terrain and FLDs lead us to assert the hypothesis that these materials are younger than the cratered uplands and an unconformity exists between the two lithologically distinct terrains.
[21] In summary, all FLDs in this study are believed to have formed after the period of heavy bombardment, which is defined as the end of the Noachian. This was determined from mapping and superposition relationships with underlying Noachian cratered terrain and wall rock within the canyons in addition to previous work (Table 2 and Figure 2 ). Many materials have crater densities that indicate they are some of the most recent features on the surface of Mars. Given the extensive evidence for burial and exhumation of the FLDs these ages are thought to be unrealistically young. Crater densities probably represent the age of surface modification, and not the true age of the FLDs. However, very few, if any, units overlie FLDs, attesting to their youthful nature. The eastern MFF is interbedded with Middle Amazonian lava flow units indicating that some FLD formation occurred in recent Martian epochs. The chaotic terrain may give the only minimum age constraint on any FLDs. In this region, the FLDs are cut by outflow channels so these layered deposits must have been emplaced before the end of outflow channel activity, dated as Late Hesperian [Rotto and Tanaka, 1995] . Elsewhere, few clear relationships are seen and the only age constraint on most of the FLDs is that they postdate the Noachian. Refers to the total number of pixel elements in each sample.
Hypotheses for the Origin of FLDs
[22] Several workers have previously noted morphologic similarities between numerous sets of FLDs in this study and offered hypotheses regarding their origin. Using MOC and MOLA observations of the FLDs and their inferred age relationships with surrounding terrain, we evaluate the likelihood of these hypotheses. Prior to high-resolution MOC images, Schultz and Lutz [1988] used Viking data to map many of the FLDs east and west of Tharsis and noted similarities in morphology, age, erosional characteristics, and inferred processes of deposits separated by up to 10,000 km. Their work covers most of the FLDs in our study, with the exception of the Valles Marineris interior deposits (Figure 1 ). They defined two large regions that exhibited an unconformity with the underlying cratered uplands, extensive etched terrain differentially eroded by wind, and outliers in the form of pedestal craters, yardang fields, and layered mounds within impact basins (examples shown in Figures 1 and 2) .
[23] Schultz and Lutz [1988] hypothesized that the materials may be ancient polar deposits, presumably emplaced when the geographical location of Mars' spin axis was orthogonal to the present. Despite the similarity to modern polar layered deposits at Viking resolution, MOC images indicate that these two materials are morphologically dissimilar [Malin and Edgett, 2001] . Additionally, recent geophysical timing constraints by Phillips et al. [2001] imply this hypothesis is very unlikely. Above we showed evidence that the deposits postdate the Noachian and therefore formed after the emplacement of much of the mass of the Tharsis complex, which is thought to have occurred during this epoch . The Tharsis rise has a profound effect on the orientation of the principle moments of inertia and it is unlikely that polar wander could occur after its formation [Melosh, 1980; Tanaka, 2000] . Thus the emplacement of the FLDs occurred after a time in Mars' history when true polar wander was plausible and another formation mechanism must be invoked.
[24] Recent MOC images of many of the areas defined by Schultz and Lutz [1988] indicate a comparable morphology to each other and the presence of layering [Malin and Edgett, 2000] , attesting to the commonality of the FLDs in light of new data. In fact, the unit types and the general aspects of the stratigraphic sequence are repeated in different locations and geologic settings separated by hundreds to thousands of kilometers [Malin and Edgett, 2000] . The workers identified thin to massive sedimentary deposits in nearly all the FLDs included in this study with the exception of the eastern MFF. They noted the similarity of these layered materials to terrestrial pyroclastic deposits but argued that the deposits are generally far from volcanic sources. Malin and Edgett [2000] devised both a subaqueous and subaerial model to explain the occurrences of these materials. The workers favored a lacustrine origin for the deposits because many occur in topographic basins. However, for most of these deposits there are no associated upgradient source regions, creating a substantial mass balance problem. Additionally, numerous layered stacks are topographically higher than portions of the proposed basin divide (assuming rim topography has not significantly changed since the deposits were formed) [Hynek et al., 2002] . It is also unlikely that these materials are remnants of a hypothesized ocean early in Mars' history [Edgett and Parker, 1997] because the deposits rest on a preexisting regional tilt (the pole-to-pole slope ) that trends toward the northern plains. If the area was underwater at the time of emplacement of these deposits (again assuming there were no kilometer-scale topography shifts since emplacement) the entire northern third of Mars would have had to been under an ocean that was >4 km deep (using topography from Smith et al. [1999] ). The second model of Malin and Edgett [2000] proposes a subaerial origin for the materials. In this scenario, subaerial deposition of aeolian, impact, and/or volcaniclastic sediments account for the vast exposures and similarities of layered materials on Mars although no sources were identified. Tanaka [2000] also proposed aeolian deposition for some of the FLDs with the additional argument that ice may have played a major role in trapping the sediments. A subaerial origin is consistent with the observations and in the following sections we attempt to establish a source for much of the material.
Explosive Volcanism
[25] Mars has had active volcanism from the Early Noachian [Scott and Tanaka, 1986; Greeley and Guest, 1987] to the very recent past [Hartmann et al., 1999] , resulting in a surface covered with volcanic landforms and constructs that have ages ranging throughout mappable Martian history. There is ample photogeologic evidence that some volcanism on Mars was explosive and created vast ash flow and ash fall tuffs. Geomorphic studies of many of the volcanoes located on the southern highlands indicate that they were likely explosive in nature, as evident from extensive sheets of friable units surrounding the calderas that are morphologically similar to terrestrial pyroclastic ash flows and air fall [Reimers and Komar, 1979; Mouginis-Mark et al., 1982; Greeley and Crown, 1990] . From superposition arguments, it is likely that these volcanoes were active by the end of the Noachian and crater ages of their youngest flow and fall units indicate activity continued through the Late Hesperian epoch [Scott and Tanaka, 1986; Greeley and Guest, 1987] . Terrestrial pyroclastic deposits are predominately silicic in nature [Francis and Wood, 1982] , a spectral signature not detected on Mars by TES. However, basaltic plinian eruptions have been known to occur on Earth [e.g., Houghton et al., 1999] and it is hypothesized that this style would be a common scenario on Mars [Wilson and Head, 1994] . The workers note that the lower atmospheric pressure of Mars would contribute to rapid acceleration of the fine-grained pyroclasts and exsolved gas during eruption; meaning even low viscosity basaltic magmas could result in plinian eruptions.
[26] Theoretical considerations by Wilson and Head [1994] indicate that explosive volcanism on Mars should occur over a broader range of parameters than on Earth. The reduced gravity and thinner atmosphere could result in pyroclastic activity with only one third the eruption rate and less than one-hundredth the amount of water required for a terrestrial plinian eruption. The minimum magma water content for terrestrial pyroclastic activity is on the order of 0.24wt% and on Mars is predicted to be 0.0014wt% [Wilson and Head, 1994] . McSween and Harvey [1993] and McSween et al. [2001] used SNC meteorites to estimate preeruptive magmatic water content of up to 1.8wt% for the parent magmas. This value is over three orders of magnitude above the minimum Martian magmatic water content required to produce explosive volcanism. Further, if CO 2 was the dominant volatile in the magma, conditions for explosive volcanism would be even easier to attain [Wilson and Head, 1994] .
Tharsis as a Primary Source Region
[27] Although much of the mass of the Tharsis load was emplaced by the end of the Noachian , volcanism continued in this region throughout most of Mars' history. All of the lava flow units comprising the Tharsis Montes formed in the Hesperian and Amazonian [Scott and Tanaka, 1986] . Moreover, a 7000 km-wide band of Hesperian ridged lava plains surround Tharsis, attesting to widespread continued volcanism in the region [Head et al., 2002] . There is evidence within the surrounding deposits and in edifice morphology that the eruptive style was explosive at times. proposed that vast mantle deposits (minimum thickness of several meters) west of Tharsis are likely composed of volcanic tephra from relatively recent eruptions in the Tharsis region and noted interfingering of Amazonian lava flows and MFF units close to Tharsis. This region, combined with a larger proximal area with muted radar reflectivity that encompasses a large portion of MFF, led Wilson et al. [1999] to hypothesize that these materials are pyroclastics from the construction of Tharsis Montes. Head and Wilson [1999] argued that explosive volcanism probably played a role in the construction of the Tharsis Montes edifices. Mantling of the constructs by fine-grained material and degraded irregular textures on flanks was cited as evidence that pyroclastics make up portions of the volcanoes. Additionally, the workers hypothesized that incompetent pyroclastic flank deposits may have induced large gravity-driven slumping on the western side of Tharsis. Recent MOC images of the Tharsis Montes edifices corroborates the notion that explosive volcanism has played a significant role in their formation [Mouginis-Mark, 2002] .
[28] We used Mars Orbiter Laser Altimeter (MOLA) data to investigate the proposed genetic link of MFF to the Tharsis rise. The peak relief of each deposit was determined from the difference between the height of maximum elevation and the elevation of the underlying terrain. This is the simplest, repeatable measurement of the thickness of these deposits. Admittedly, there is still a bias in what is considered the boundary with the underlying terrain and its elevation often varies around the contact with the overlying deposits. We have tried to minimize this error by using the elevation values most proximal to the measurement of maximum height. MOLA data reveal that the peak relief of the deposits increases in the direction of the Tharsis volcanoes (Figure 4a ). Relief of distal MFF materials is $1500 m at a distance of $5000 km from Arsia Mons, the southwesternmost Tharsis Monte. The relief of the major units of MFF gradually increases to over 3500 m for the MFF deposits near Arsia Mons. The base of the deposit most proximal to Arsia Mons is buried by more recent lava flows, reducing its total relief, although its thickness is still $3500 m. If these voluminous mounds are originally from a single source area, the Tharsis region is the most likely candidate.
[29] We extended our analysis to include all equatorial FLDs discussed above. The peak relief of each stack of material was determined using MOLA data and is plotted as a function of distance from Tharsis in Figure 4b . Major sets of deposits have been delineated as well as layered materials within craters. The relief-distance relationship of FLDs east of Tharsis is complicated by their relatively limited exposures and different topographic and geologic settings. However, when considering the deposits as a whole, there is a pronounced thickening in the direction of the Tharsis region (Figure 4b ). The Valles Marineris interior deposits exhibit the greatest relief of any FLDs. This is consistent with a source in the Tharsis region since the canyon itself is situated on the slope of the Tharsis rise. Moving away from Tharsis, the layered chaotic terrain has less relief and even thinner materials are deposited in Terra Meridiani, which is over 5000 km from the Tharsis region. Moreover, the region antipodal to Tharsis has a paucity of exposures of finely layered materials (Figure 4b , blue boxes) [Malin and Edgett, 2000] . These results are consistent with global dispersion of volcanic ash from repeated explosive eruptions in the Tharsis area.
[30] Age estimates of the FLDs indicate that whatever process was responsible for their formation occurred episodically for extended periods of time and up until the relatively recent past (Table 2 ). Thus explosive volcanism may have been prevalent over extended time periods in the evolution of Mars.
[31] An alternative idea is that the FLDs were erupted from local sources that have been entirely buried or otherwise rendered unrecognizable, as is sometimes the case with terrestrial ignimbrites and hypothesized for the MFF on Mars [Scott and Tanaka, 1982] . The thickening trend toward the Tharsis region may be a reflection of higher heat flux and magma production near this long-lived source and an abundance of fractures ] that would serve as conduits for ascending magma. Episodic fissure-type eruptions of pyroclastics could potentially build up thick layered units similar to what is seen on Mars. This hypothesis, however, would predict substantial accumulations of FLDs in all directions radial to Tharsis, contrary to the preferential east -west distribution that is observed (Figure 1) . While there may be additional local and regional sources for the FLDs [e.g., Lanagan et al., 2001] , we argue that much of the material comprising these units is likely ash flows and air fall from the Tharsis region.
Global Dispersion of Volcanic Material
[32] Earth's rock record contains countless layers of volcanic ash that are useful in correlating global stratigraphy because of their wide dispersion. Froggatt et al. [1986] used rare earth element chemistry to trace volcanic ash from an ancient plinian eruption 10,000 km from its source. Terrestrial explosive eruptions can temporarily change global climate from the enormous amount of material ejected into the atmosphere. Once material is entrained in Earth's atmosphere, it can persist for long periods of time. Atmospheric volcanic ash from the 1815 Mt. Tambora eruption induced optical and meteorological effects for years to follow [Strothers, 1984] . Immediately after the eruption, skies were darkened by coarse dust that proceeded to fall out of the atmosphere for several weeks creating an asymmetric base cone encompassing an area of 4.5 Â 10 5 km 2 . Strothers [1984] noted that this single eruptive event produced ash fall accumulations >20 cm-thick over 400 km from the source vent. The finer ash component had a residence time in the atmosphere of up to four years and obscured astronomical observations of faint stars and sunspots, increased the amount of acid fallout in Greenland's ice cap, and likely resulted in a decreased global mean temperature for the year following the eruption more than half a degree (which became known as ''the year without summer'' [Strommel and Strommel, 1983] ).
[33] Theoretical factors indicate that dispersion of volcanic ash on Mars would be far more effective than for Earth, consistent with observational evidence of Martian global dust storms that last for months to years and distribute materials planet-wide. In the same conditions for a plinian eruption on Earth and Mars, Wilson and Head [1994] conclude that Martian eruption columns should have higher velocities and reach heights five times higher due to the reduced gravity and atmospheric drag [Wilson and Head, 1994] . These authors note that these atmospheric and gravitational differences also result in clast sizes in an eruptive plume on Mars to be 100 times smaller than in an equivalent terrestrial eruption. Once injected into the Martian atmosphere, the residence time of particles is governed by the ratio of gravitational to drag forces for large particles (greater than a few mm) and by Stokes' Law for smaller particles. Hort and Weitz [2001] investigated the characteristics of volcanic eruption plumes on Mars and found that micrometer grains from a plume in the current Martian atmosphere could extend laterally over the entire planet. These workers did not consider transport of particles by atmospheric winds, which would further augment distribution of ash. Mars Figure 4a highlights the largest occurrences of the FLDs (Medusae Fossae Formation) with their respective peak thicknesses plotted directly above. Colors on shaded relief image indicate absolute MOLA elevations from À3.7 km (blue) to +0.5 km (red). Plot shows that, aside from the proximal unit partially buried by more recent lava flows , relief of the deposits increases in the direction of Tharsis, indicating a likely source for the proposed pyroclastics. Figure 4b is a plot of the entire equatorial set of FLDs found near the Martian equator as defined by Schultz and Lutz [1988] and Malin and Edgett [2000] . Major terrain units are delineated in the legend by geographic locale. VM = upper Valles Marineris system, VM Main = main Valles Marineris system, Hebes = Hebes Chasma, Juv = Juventae Chasma, TM = Terra Meridiani, MFF = Medusae Fossae Formation, Cr = layered stacks within impact craters. The data show a striking trend of thinning of deposits with greater distance from Tharsis region. Moreover, there is a lack of FLDs antipodal to Tharsis (blue boxes). These results are consistent with global dispersion of volcanic ash from repeated explosive eruptions in the Tharsis area. global circulation models (MGCMs) predict strong winds (up to 80 m/s at an altitude of 20 km [e.g., Forget et al., 1999, Figure 8 ] that would enhance transport of particles in the Martian atmosphere. Our study builds upon the work of Hort and Weitz [2001] by utilizing recent MGCMs to quantitatively estimate fallout distances of air fall from a volcanic plume erupted into the current Martian atmosphere. We realize that ash flows (with runouts of hundreds of kilometers) likely dominate near the source vents. However, the purpose of this model is to examine potential distribution of air fall deposits at much greater distances.
Theoretical Consideration of Particle Fallout in the Martian Atmosphere
[34] For particles <0.1 mm, transport in the Martian atmosphere can be modeled with viscous flow because of the low Reynolds numbers involved ($0.5 for a 0.1 mm particle and much lower for finer particles). The gravitational settling velocity can be determined using Stokes' Law [Jacobson, 1999] . In the viscous regime, Stokes' settling velocity (of spherical particles), v, is given by
where r p is the particle density, a is the particle radius, g is gravity, h is the dynamic viscosity of CO 2 gas (the dominant constituent in the Martian atmosphere), Kn is the Knudsen number, and a is given below. The term (1 + aKn) is the Cunningham slip-flow correction factor, which accounts for the ability of particles smaller than the mean free path to fall faster than as determined by Stokes fallout alone [Jacobson, 1999] . The Knudsen number is expressed as l/a where l is the mean free path which is given by
, where d is the diameter of a CO 2 molecule (3.3 Â 10 À10 m), and N/V is the concentration of molecules determined from a standard equation of state using pressure and temperature. The parameter a = 1.249 + 0.42exp(À0.87/Kn) [Jacobson, 1999] and the dynamic viscosity (Pa s) is calculated from
Note that the settling velocity is dependent on temperature and pressure, which vary as a function of height.
Modeling Particle Fallout From an Eruption Plume in the Tharsis Region
[35] Modern atmospheric conditions are a first-order approximation for emplacement conditions of the postNoachian FLDs, which probably formed after the hypothesized dense Martian atmosphere had largely dissipated [Jakosky and Phillips, 2001] . Mass eruption rates of 10 7 and 10 8 kg/s were considered, in concordance with Hort and Weitz [2001] . A range of fine grain sizes (1 mm, 10 mm, and 100 mm) was included in the calculations. This set of size inputs corresponds to estimates of particle sizes of FLDs [Kieffer et al., 1977; Schultz and Lutz, 1988; Jakosky and Mellon, 2001] and probable size of ash particles from explosive eruptions on Mars, which are thought to be 100 times finer-grained than on Earth (due to enhanced magma fragmentation from lower atmospheric pressure [Wilson and Head, 1994] ). Particles >100 mm would be affected by turbulence, however inclusion of this factor does not greatly affect fallout distances predicted by our model. Winds on Mars are seasonally dependent, thus multiple wind regimes and corresponding temperature profiles were examined. The included seasons are early northern summer (L s = 90°-120°), early northern fall (L s = 180°-210°), and early northern winter (L s = 270°-300°) as modeled by Forget et al. [1999] , where L s is planetocentric longitude of the Sun along the ecliptic in Mars' sky. Low altitude winds in early northern spring are relatively small and were not investigated for this reason. Additionally, the model only considers zonal winds since they are roughly an order of magnitude larger than meridional winds [Webster, 1977; Pollack et al., 1990; Haberle et al., 1993; Forget et al., 1999] .
[36] The simple approach of this model was to divide the Martian atmosphere into layers where atmospheric parameters (i.e., temperature, pressure, dynamic viscosity, and zonal wind) remained roughly constant, making gravitational settling velocities also approximately constant. Inspection of MGCMs led to divisions of 5 km and temperature and zonal wind profiles were taken from Forget et al. [1999] . Within each division the atmospheric parameters were averaged and considered to be constant throughout the layer. A corresponding settling velocity (derived above) was calculated for each layer. The residence time of a particle in the layer was then determined by dividing the distance (5000 m) by the velocity. The residence time was multiplied by the zonal wind vector for the layer to evaluate the horizontal distance the particle would travel as it passes through the division. This model assumes 100% efficiency for advection of particles by wind, consistent with terrestrial and Martian fallout simulations [e.g., Searcy et al., 1998 ]. Cumulative distances were plotted and replicate the fallout of particles through the defined layers of Mars' atmosphere ( Figure 5 ). The model was run for each of the three seasons considered in the study, and fallout was evaluated for a range of grain sizes. Eruptions with a mass rate of 10 7 or 10 8 kg/s into the current Martian atmosphere would carry all clast sizes used in this study to heights roughly equal to or greater than 60 km [Hort and Weitz, 2001] . At altitudes above this value the pressure and temperature are so low (<10 À3 Pa and <160 K, respectively) that the mean free path of gas molecules becomes large (i.e., $15 m at 90 km). This results in a large Knudsen number and a correspondingly large settling velocity. Hence residence time in this portion of the atmosphere is small and horizontal transport by zonal winds is negligible. For this reason the model only extends to 60 km altitude and fallout of all particle sizes is calculated from this height down to the surface. Finally, we ran the model using conditions that replicate a denser atmosphere may have existed on Mars in the past and would affect settling velocities and lateral transport of particles. Following Hort and Weitz [2001] , we increased the pressure an order of magnitude to simulate past atmosphere conditions and ran the model again. Results are shown in Figure 5c and discussed below.
Model Results
[37] Typical paths for micrometer particles beginning 60 km directly above the source vent and falling through the current atmosphere during different Martian seasons are plotted in Figure 5a . Under modern conditions, micrometer grains from a tropical eruption plume can be carried $8000 km from the source vent by atmospheric winds. Additionally, particle transport is seasonally dependent and grains can be carried thousands of kilometers east or west of the source vent for eruptions at various times of the Martian year. Transport paths of larger particles are similar in shape to the micrometer fallout results although they remain closer to the source vent. Typical scales of horizontal transport are >10 1 km, >10 2 km, and >10 3 km for particle radii of 100 mm, 10 mm, and 1 mm, respectively (Figure 5b ). Model results also indicate that above 15-20 km in altitude the settling velocities are quite large and horizontal transport is minimal (Figures 5a -5c ). Although eruption plumes on Mars are expected to reach heights >100 km in cases [Hort and Weitz, 2001] and zonal winds generally increase with elevation [Forget et al., 1999] , horizontal transport of particles would remain small in the upper atmosphere. This result also means that modest explosive eruptions on Mars (with only plume heights of $20 km) would still carry particles above the ''active'' horizontal transport layer of the atmosphere. Thus lateral particle dispersal from a small eruption would nearly equal that of a much larger one, although obviously less ash would be present. When the model was run for a denser atmosphere corresponding to postulated past conditions on Mars, results show approximately an order of magnitude increase in horizontal transport of all sizes of grains ( Figure 5c ). We therefore conclude that wide dispersion of fine-grained ash is even easier to attain under the hypothesized denser Martian atmosphere of the past.
[38] Convective rise models used to predict hypothetical plume heights on Mars have recently been called into question [Glaze and Baloga, 2002] . Specifically, they note the breakdown of models at heights above $10 km for current Mars conditions. The workers argue that the plausible values of expected plume heights should be 10-20 km, using current atmospheric conditions, and $35 km for modeled past atmospheric conditions. These values are a factor of 2 -5 less than earlier work by Wilson and Head [1994] and Hort and Weitz [2001] already discussed. Glaze and Baloga [2002] use these results to suggest that regional or global distribution of fine-grained ash may be implausible. Inspection of Figure 5 , however, indicates that plume Figure 5 . (opposite) Plot of particle fallout from an equatorial eruption plume into the Martian atmosphere. Lines are traces of particle paths as they fall from 60 km to the surface and are transported east or west by zonal winds determined from MGCMs [Forget et al., 1999] . Figure 5a shows the transport paths of micrometer particles at different times of the year for a plume injected into the current Martian atmosphere. Ls = 90 -120 is northern summer, Ls = 180-210 is northern fall, and Ls = 270-300 is northern winter. The graph shows that small particles can be carried thousands of kilometers to the east or west of the source vent and corroborates the notion that plinian-type eruptions could deposit fine-grained ash on a global scale. Figure 5b is a plot showing fallout of a range of grain sizes for a single Martian season. All particle paths have the same shape and each drop in an order of magnitude in particle size results in an increase in an order of magnitude in fallout distance. Figure 5c illustrates fallout of a range of grain sizes into a simulated Hesperian atmosphere (an order of magnitude increase in pressure and zonal wind profiles from Ls = 270-300). Particles follow the same general path as Figure 5b but are carried much greater distances. Collectively, results indicate that atmospheric winds can carry particles 10 microns and smaller several to many thousands of kilometers away from their source.
heights of only 10-20 km carry material above most of the ''active'' denser horizontal transport layer of the atmosphere. For example, our modeling of particle fallout and transport shows that a 15-km-high plume in the modern Martian atmosphere would allow micron-sized grain transport $7000 km from the source vent (illustrated in Figure 5b ). In our model calculations, 75 -90% of the transport of particles occurs below an altitude of 15 km. The transport distances would be amplified with a thicker past atmosphere. Figure 5c shows that micron grains would be transported $44,000 km from a 10-km-high plume. This is roughly twice the circumference of Mars, making global dispersal of ash quite likely.
[39] Explosive volcanism on Earth typically results in broad, elongated tephra deposits around the source vent that thin with greater distance from the source. These materials have been known to stretch hundreds to thousands of kilometers [e.g., Froggatt et al., 1986] . We suggest that similar, but larger, east -west elongated ash deposits possibly blanketed most of the equatorial region of Mars with emplacement controlled by prevailing wind directions at the time of eruptions. Contemporary tropical winds on Mars are dominantly zonal [Pollack et al., 1990; Haberle et al., 1993] , which would result in an elongation of pyroclastic deposits along the equator. Forget et al. [1999] show that both east-and west-directed winds should be present in the modern Martian tropical atmosphere on annual scales and sometimes occur coevally at different heights. Explosive eruptions from the Tharsis region in a similar wind regime would preferentially distribute volcanic ash thousands of kilometers both east and west of Tharsis, consistent with the occurrences of FLDs.
Modern Distribution of FLDs
[40] As noted above, the FLDs are composed of small particles and are poorly indurated, making them extremely susceptible to aeolian erosion over long time periods. This is evident in the abundant yardangs, pedestal craters, and ''etched'' morphology associated with many FLDs east and west of Tharsis (Figures 1 and 2) . In many places FLDs have been eroded away and the exhumed terrain lacks any modification from the previously overlying deposits. At MOC NA scale there are many outliers observed near the major units of MFF [Bradley et al., 2002] . It is likely that these materials were once laterally contiguous with the large units and material in between the exposures has been removed. However, the terrain revealed in these exhumed areas remains unaltered. In other places, pristine volcanic tephra cones are observed eroding out from under units of MFF [Lanagan et al., 2001] . Moreover, when layers are exhumed within an exposure of the MFF they remain intact and unaffected by previous burial indicated by preservation of features such as craters and yardang fields [Wells and Zimbelman, 1997; Bradley et al., 2002] . Figures 2a -2d show large-scale contacts between boundaries of FLDs that are presumed to have been ''eroded back'' and the unmodified underlying terrain that is exposed. These observations exemplify the fact that emplacement of FLDs was nondestructive and consistent with a subaerial source of material. In all cases, once these materials are removed no evidence remains that they ever blanketed the region. It is therefore plausible that thick accumulations of volcanic ash from Tharsis once covered much of the equatorial region of Mars and has since been stripped away by erosion. The abundant outliers of similar character and pedestal craters in regions surrounding FLDs support a much greater coverage of these materials in the past. Additional material may remain as mantled terrains in areas without significant erosion and therefore have not been recognized.
[41] The modern distribution of FLDs is probably controlled by the original areal extent and thickness of material, as well as past and present global circulation patterns. MOLA data show that many of the FLDs (particularly east of the Tharsis Montes) occur within topographic depressions. This could be a result of two scenarios: (1) FLDs preferentially formed in topographic depressions, or (2) negative topography has differentially preserved FLDs. The simplest origin of the former scenario involves creation in a subaqueous environment, as advocated by Malin and Edgett [2000] , and we already discussed the difficulties with this hypothesis. The later, and favored, scenario is consistent with subaerial deposition and subsequent (primarily aeolian) erosion. MGCMs and our modeling show that clasts from an eruption plume in the Tharsis region would have been preferentially emplaced along the equator east or west of Tharsis depending on the season. In plinian-style eruptions, proximal materials would be a mixture of ash flows and air fall while more distal products would consist entirely of fine-grained ash that settled out of the atmosphere. This may explain why the finely layered deposits are seldom seen in eastern MFF but become more prevalent in MFF exposures far from the Tharsis rise. Alternatively, an aeolian mantle or lack of significant albedo contrast between bedforms could obscure layered terrain in MOC NA images, as discussed in section 2.
[42] All FLDs considered in this study are observed to be very susceptible to aeolian erosion. Surrounding topography including crater rims and canyon walls are hypothesized to reduce surface winds and inhibit erosion [Anderson et al., 1999] . The workers note that transport of sediment out of canyon systems or other significant topographic depressions would be difficult. Thus it may be more than coincidental that these regions have an abundance of FLDs. This may also explain why the thickest deposits occur in the smaller, sheltered (meaning closed to nearly closed) canyons such as Hebes, Candor, and Ophir Chasmata, but relatively thin mounds ($2 -5 km) remain within the main unprotected part of Valles Marineris (Figure 4b ). On the Tharsis rise, erosion is predicted to dominate outside of topographic depressions [Haberle et al., 2003] and ash deposits would have a relatively short history. While FLDs are observed on the Tharsis rise (the easternmost MFF materials west of the Tharsis Montes and layered units above the canyon system [Edgett and Malin, 2003; Lucchitta, 2003] ), they certainly are not ubiquitous. Other FLDs emplaced on the Tharsis rise could have been eroded away and transported by the strong slope winds that are prevalent in this region [Anderson et al., 1999] or buried by more recent lava flows.
[43] Undoubtedly erosion has removed an immense amount of FLDs all over Mars as evident by abundant outliers (Figure 1) . Much of the removed sediment (that could be comparable to, or larger than, the total calculated volume of contemporary FLDs estimated at 2.4 Â 10 6 km 3 ) was presumably transported to the low-lying northern plains and may make a significant contribution to the >100 mthick sedimentary unit blanketing the northern third of Mars [Head et al., 2002] . Outflow channel deposits and windblown sediment are the only obvious sources of this sedimentary cover. The materials on Mars most susceptible to wind erosion are the FLDs and thus are a potential source for a substantial amount of the sedimentary cover. TES data show that the northern plains may be more silicic than the basaltic southern highlands [Bandfield et al., 2000] . Unfortunately, TES is unable to resolve the composition of a majority of the FLDs to any certainty because many units have a mantle of fine dust. However, if the FLDs are explosive volcanic products than their composition may be more silica-rich than the basaltic southern highlands and could be the source for the postulated andesitic character of the northern plains.
Conclusions
[44] A global equatorial set of previously identified massive to finely layered stacks of material on Mars has been reexamined using new data sets. MGS data and mapping relationships indicate that many of the FLDs are probably not extremely ancient or lacustrine in origin, contrary to the conclusions of Malin and Edgett [2000] . The broad extent and similarity in stratigraphy, morphology, erosional characteristics, and fine grain size are consistent with an episodic subaerial source. Thinning of deposits with greater distance from the Tharsis rise (Figure 4 ) leads us to hypothesize that these materials may be primarily comprised of volcanic tephra from past explosive eruptions in the Tharsis region. Age estimates of the FLDs indicate that explosive volcanism may have continued until the relatively recent past. We do not believe, of course, that every layered deposit on Mars is a result of explosive volcanism in the Tharsis region but we recognize that this process may have played a major role in the formation of these materials. Aeolian deposition, impact ejecta, and/or erosional sediments may have also contributed to the FLDs.
[45] We examined the feasibility of large-scale ash transport from atmospheric winds by modeling fallout rates of various sized particles and incorporating several seasonal wind regimes for the current and hypothesized past Martian atmospheres. The model indicates that modest to large explosive eruptions near the Martian equator would result in a wide scattering of fine-grained ash particles concentrated at low latitudes. Atmospheric winds are season dependent and grains could be carried east or west of the source vent. The model predicts that micrometer particles can be transported nearly 8000 km from the source by contemporary atmospheric winds and near-global dispersion of volcanic ash is easily obtained for moderate to large mass eruption rates in present and proposed past atmospheric conditions. We envisage that many of the FLDs were once part of laterally continuous, equatorially elongated ash deposits around Tharsis. Extensive erosion of the friable materials has resulted in disconnected, yet remarkably similar, layered stacks in areas sometimes within sheltered topographic depressions. Much of the original volume of volcanic ash was presumably eroded and redeposited in the northern lowlands, leaving only isolated vestiges of an explosive past.
